A surface-coated die that can reduce the ejection force needed to obtain green compact has been developed to produce powder metallurgical parts constantly without the occurrence of scuffing or cracking. A plasma CVD (Chemical Vapor Deposition) method, which is able to be performed at temperatures below 823K, was applied to shrinkage-fit dies. Optimal conditions for the surface-finishing treatment of the die and die holder were examined. For a shrinkage-fit die composed of a die holder made of a steel tempered at a temperature equal to or higher than the PCVD treatment temperature, there was little effect of the PCVD treatment on the shrink-fitting force and the hardness of the die holder. However when a die holder made of a steel tempered at 453K was used for the shrinkage-fit die, the shrink-fitting force was increased and the hardness of the die holder was decreased by the PCVD treatment. Taking these results into consideration, a surface-coated die having an optimal combination of the die and die holder materials was devised and its performance was evaluated. The ejection force exhibited by the surface-coated dies decreased in the following order: non-coated die>TiN>TiCN>DLC-coated dies. That is to say, all surface coatings examined were found to be effective in reducing the ejection force.
Introduction
The dies used for powder forming are generally strengthened by the shrinkage-fit method, in which a die is inserted into a die holder to obtain sufficient resistance against the high inner pressure occurring during the compacting process. Methods of depositing hard coatings on tools to prolong tooling life that have been examined so far are PVD (Physical Vapor Deposition) and CVD. The coatings on the dies are deposited after the shrinkage fitting process. The CVD method generally results in excellent cohesion strength and can be applied to any tool shape. Since the CVD process is performed at high temperatures of around 1273K, it may cause plastic deformation and dimensional changes in the parent material. Therefore, whenever the CVD method is applied to the shrinkage-fit die, it may cause lowering of the shrink-fitting force and the deterioration of dimensional precision. Although, we can carry out CVD onto the die before performing shrinkage fitting using the die holder, the precision of the die wall may deteriorate because of the heat generated during the shrinkage fitting process. On the other hand, the PVD method can prevent the deformation and dimensional changes of the parent material from occurring, because it is usually carried out at lower temperatures than the CVD treatment. The PVD treatment has, however, a weak point in that the cohesion strength between the deposited film and the die wall is lower to bear over all the way of the compacting process. Furthermore, the deposited film has less uniformity, in particular, on dies having complicated shapes.
In this study, plasma CVD 1) (hereafter referred to as PCVD) treatment, which is usually carried out at temperatures below 823K and deposits a fine and uniform film having good cohesion to metallic materials, is applied to shrinkage-fit dies.
Another advantage of PCVD is that it can be applied to target materials having complicated shapes. We have examined suitable materials for both the die and the die holder, for the PCVD treatment. Then, we have discussed the compressibility and ejection force of the PCVD-processed shrinkage-fit dies during compacting process, to see whether the PCVD treatment is effective for the shrinkage-fit die.
Experimental Procedures

Effects of surface treatment on shrinkage-fit die
TiN coating, usually carried out at temperatures below 823K, was applied to steels used for the die and die holder by PCVD. This process was carried out at 803K. The PCVD treatment was performed at Oriental Engineering Co., Ltd.. For the die material, WC-11%Co, a cemented carbide, with good wear resistance and hardness was chosen. The selected materials for the die holder were alloy tool steels and structural alloy steels (see Table 1 ). All materials possess high toughness and wear resistance. Here, SKD11 and SKS3 tempered at 453K are denoted as SKD11(453) and SKS3(453), respectively. Similarly, SKD11 and SKS3 tempered at 803K are denoted as SKD11(803) and SKS3(803), respectively. The examined shrinkage-fit dies were manufactured using various steels for the die holder (see Table 1 ). For all the steels subjected to the PCVD treatment as well as those not subjected to it, the ejection resistances of the dies were Pressure plate the die holder from the shrinkage-fit die. We use it as the standard of the shrink-fitting force. Fig. 1 shows the dimensions of the shrinkage-fit die used for the ejection resistance measurement, and the measuring method of the ejection resistance is shown in Fig. 2 . The interference of the shrinkage-fit die is 0.03mm (0.3 of the shrinkage-fit diameter), and the temperature used for the shrinkage fitting was 723K. 
Material name is based on JIS.
2.2 Evaluation of compressibility and ejection force for dies coated by PCVD The TiN and TiCN coatings were deposited on the dies by PCVD at 803K. Furthermore, a DLC (diamond-like carbon) coating was performed at a temperature below 473K 2)
. The tooling structure is shown in Fig. 3 3)
. The tooling structure used in the floating die method consists of a die, and upper and lower punches. The material used for the punch was an alloy tool steel (SKD11 HRC58).
The variation of the ejection force (load) as the ejection progresses is shown in Fig. 4 3)
. The ejection stress is determined by dividing the ejection force by the side area of the green compact. The compacting press was applied using the Amsler multipurpose tester. The ejection force was evaluated when the mean compacting speed was 2.0mm/sec, and the starting ejection speed was 2.7mm/sec. The chemical composition of the mixed powder was Fe 1.5%Cu 1.0%C, in mass%. The amount of admixed lubricant (zinc stearate) contained in the powder was 0.8mass%. The compacting pressures were 294, 490 and 686MPa. Compacting was carried out at room temperature. The test pieces were 20mm in external diameter and 20mm in overall length. Fig. 5 shows the ejection resistances measured for different shrinkage-fit dies made using different steels for the die holder. The figure also shows the effects of the PCVD process on the ejection resistance. Each shrinkage-fit die consisted of WC-11%Co for the die, but a different steel for the die holder, SKD11(453), SKD11(803), SKS3(453), SKS3(803), SKD61 or SNCM439. The ejection resistances measured for PCVD-treated SKD11(453) and SKS3(453) increased, whereas when the tempering temperature was higher than 803K, almost no difference in the ejection resistances was observed. Furthermore, the internal diameter of the dies remained the same before and after the PCVD process. Thus, it appears that the shrink-fitting force of the dies is little effected by the PCVD process, regardless of the tempering temperature. 6 shows the changes in hardness of each die holder material before and after shrinkage fitting and after PCVD. It appears that hardnesses of SKD11(453) and SKS3(453) were decreased after shrinkage fitting and/or PCVD. However, the die holder materials tempered at a temperature equal to or higher than that of PCVD showed little change in hardness. In particular, SKD11(803) maintained a high hardness because of secondary hardening 4 , which probably occurred at the tempering temperature of about 803K, even after PCVD.
Results
Effects of PCVD onto shrinkage-fit die
From the above results, we conclude that PCVD is suitable for the application to shrinkage-fit dies. It is essential that the die holder materials should be tempered at temperatures equal to or higher than that of PCVD from the viewpoint of mechanical strength and the dimensional precision of the shrinkage-fit die. Therefore, the suitable die holder materials for the PCVD process are the alloy tool steels such as SKD11, SKS3 and SKD61, and the structural alloy steel SNCM439, all of which were tempered at temperatures equal to or higher than 803K.
3.2 Evaluation of compressibility and ejection force for surface-coated dies subjected to PCVD Taking the above results into consideration, we evaluated the shrinkage-fit die consisting of the die made of WC-11%Co and die holder made of SKD61. The compressibility and ejection force obtained from the surface-coated dies subjected to PCVD were examined and compared with a non-coated die, as stated below. The PCVD process used is TiN, TiCN or DLC coating. Fig. 7 shows the relationship between the compacting pressure and green density. Each of the surface-coated dies was improved in its compressibility compared with the non-coated die when the compacting pressure was low. All dies showed approximately equivalent compressibility when the compacting pressure was approximately 700MPa. Fig. 8 shows variations in the ejection force with the ejection stroke when the green compacts were ejected from the surface-coated dies and from the non-coated die. The green compacts were compressed at a compacting pressure of 686MPa before ejection. The TiN-, TiCN-and DLC-coated dies showed almost constant ejection forces as ejection progressed after the ejection; a similar trend occurred for the non-coated die. Since the kinetic frictional force is reduced in the order of non-coated die>TiN>TiCN>DLC, it is also evident that surface-coated dies are effective in reducing the ejection force. The relationships between the green density and ejection stress are shown in Fig. 9 . The ejection stress was obtained by dividing the maximum static frictional force by the side surface area of the green compact. It is evident that the ejection forces measured on the surface-coated dies decrease in the following order: non-coated die>TiN>TiCN>DLC-coated dies. This indicates that surface-coated dies are effective in reducing the ejection force. The percentage reduction in the ejection stress for each coated die compared with the non-coated die was approximately 30%, 40% and 50% for TiN, TiCN and DLC coatings, respectively, at 7.1Mg/m 3 in green density.
In addition, exfoliation of the coated film and scuffing were not observed until the compacting pressure reached 686MPa.
Discussion
Effects of PCVD onto shrinkage-fit die
We were concerned about whether the shrink-fitting force might be decreased by the PCVD process if it was applied to the shrinkage-fit die. We found that there was almost no change in the ejection resistance of the shrinkage-fit die after the PCVD process when the die holder material was tempered at a temperature equal to or higher than the temperature at which the PCVD process was carried out.
Here, we discuss probable reasons why the ejection resistance of the surface-coated die processed by PCVD showed the above-mentioned result.
We can estimate the ejection resistance, F, of the shrinkage-fit die from where is the friction coefficient, S is the contact area between the die and the die-holder, and Pm is the mutual pressure used to fit the two cylinders and is given by the following combination of cylinder equations 5) :
where is the interference between the die and die holder. Nomenclature is shown in Fig. 10 .
The Pm and F are calculated by substituting the following values into Eqs.
(1) and (2): the dimension, the interference between the die and die holder, Young's modulus, Poisson's ratio and =0.39. Calculated results are shown in Table 2 . In this case, the die material used was WC-11%Co. Young's modulus of the materials used for the die holder increases with the tempering temperature 6) , owing to the fact that the amount of precipitated carbides increases as the tempering temperature is raised. Therefore, we used Young's modulus measured at each tempering temperature. It should be noted that Young's modulus of carbides is usually 2 to 3 times higher than that of steel. It is seen from Table 2 that the ejection resistance F becomes larger when SKD11(803) is used instead of SKD11(453), probably because Young's modulus of SKD11 increases as the tempering temperature is raised. A similar tendency is seen for SKS3(803) and SKS3(453). It is also seen in Fig. 5 both of which were subjected to PCVD, showed higher ejection resistance than dies not subjected to PCVD. It seems that this increase in the resistance is caused by the increase in Young's modulus owing to the temperature effect of PCVD carried out at 803K. However, SKD11(803), SKS3(803), SKD61 and SNCM439, all of which were subjected to tempering at 803K or higher, showed no such increase in ejection resistance. A probable reason for this is that almost no change in Young's modulus of these steels occurred during PCVD at 803K.
Compressibility and ejection force evaluated for
surface-coated dies subjected to PCVD As stated in the previous section, the surface-coated dies showed significant improvement in compressibility in comparison with the non-coated die when compacting pressures were relatively low. Moreover, they showed almost the same compressibility as that of the non-coated die when compacting pressure was approximately 700MPa. A probable reason for this may be that when compacting pressure was low, the rate of density increase of the powder was high, whereas the rate decreased when the density of the compacted powder approached to its theoretical limit. That is to say, since the surface-coated dies have lower friction coefficients on their surfaces, their compressibility was improved on both low and high compacting pressure sides. However, since green density was already high on the high compacting pressure side, it seems that no further density increase occurred.
The ejection force of the surface-coated dies was reduced in the following order: WC-11%Co (non-coated) >TiN>TiCN >DLC coatings. That is, all surface-coated dies tested in this study were effective in reducing the ejection force. This is probably because each coated film possesses excellent tribo-characteristics; thus, they have low friction coefficients. Kawada reported the friction coefficients of TiN, TiCN, and DLC coated by PCVD, measured by ball-on-disk friction wear tests 1) 2)
, his results are for WC-11%Co 0.8, TiN coating 0.5, TiCN coating 0.1 and DLC coating 0.05. It should be noted the order of the magnitude of these friction coefficient values are the same as those found in this study.
The surface coatings examined in this study are found to be effective for shrinkage-fit dies. It is therefore highly probable that the amount of admixed lubricant to be added to the metal powders can be reduced. Moreover, we can adopt a dry lubricant or a lubricant-free state.
Conclusions
The PCVD method was applied to shrinkage-fit dies. We have clarified suitable die and die holder materials as well as optimal conditions for the surface-finishing method. Then, we examined the compressibility and ejection forces of the shrinkage-fit dies that were surface-finished PCVD, and showed they had low friction coefficients. We obtained the following results; (1) For shrinkage-fit dies composed of die holders made of steel tempered at temperatures equal to or higher than the PCVD treatment temperature, the PCVD treatment had almost no effects on shrink-fitting force and hardness of the die holder.
(2) When the die holders made of steel tempered at 453K
were utilized for the shrinkage-fit die, the shrink-fitting force was increased and the hardness of die holder was decreased by the PCVD treatment. (3) The surface-coated dies showed better compressibility than the non-coated die when compacting pressure was relatively low. The surface-coated dies showed equal compressibility to that of the non-coated die as the compacting pressure was increased, i.e., their compressibility approached that of the non-coated die. (4) The ejection force of the surface-coated dies decreased in the following order: non-coated die>TiN>TiCN>DLC, that is to say, the surface coatings examined were effective in reducing the ejection force.
(5) Since no exfoliation or scuffing of the coated film occurred, it appears that the PCVD technique examined is applicable to shrinkage-fit dies for compacting powders. 
